Molecular evolution has dominated taxonomic studies for decades, replacing traditional methods for identification and classification. However, there is a need for better markers to resolve the problems that have limited their usefulness. In this report, we introduce the protein tag (Ptag) sequence, a highly polymorphic amino acid sequence within the C-terminal region of the largest subunit of RNA polymerase I, as a new systematic tag sequence for delineating the evolutionary history of medically important fungi. As Ptag sequences are highly polymorphic between species and low within species, 42 fungal species representing the main taxonomic groups in the phyla Ascomycota and Basidiomycota were tested. The phylogenetic tree inferred from the Ptag sequences showed high consistency with the accepted classification of the Assembling the Fungal Tree of Life (AFTOL) project. Moreover, it could resolve the interspecies phylogenetic relationships of the tested taxa. In contrast, the phylogeny inferred from the nucleotide tag (Ntag) sequence, encoding the Ptag peptide, displayed lesser discriminatory power in resolving the phylogenetic relationships among distantly related taxa. In the case of closely related fungal species, the phylogenetic trees for Ptag and Ntag sequences were consistent with the tree for ITS1 sequences of 11 dermatophytic species. Taken together, the Ptag sequences should contribute to inferring phylogeny among species whereas the C The Author 2016. Published by Oxford University Press on behalf of The International Society for Human and Animal Mycology. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
Introduction
With the expansion of the number of fungi recognized as human pathogens, conventional methods for their identification and classification are coming into question. 1 In contrast, genomic data have been inevitably employed in this regard. These include the large and small subunits of ribosomal DNA (rDNA), internal transcribed spacer (ITS) regions 1 and 2, elongation factor 1α, and several other sequences. [2] [3] [4] [5] [6] Despite the broad application of analysis of these sequences, problematic issues have been reported with some, for example, the existence of multiple copies or intragenomic variation, hampering the detection of accurate sequences. [7] [8] [9] ITS sequences prevail in molecular systematic studies; however, previous reports showed non-orthologous ITS1 or ITS2 types. 1, 10 In addition, it has been demonstrated that in some fungal genera, ITS sequences should not be used independently to infer evolutionary relationships or to describe new taxa. 11 Moreover, within such genera as Malassezia, there is ≤ 10% intraspecies diversity, 12 limiting the usefulness of this sequence for higher-level classification.
In eukaryotes, transcription is performed by three different RNA polymerases, Pol I, Pol II, and Pol III. Interestingly, transcription by Pol I displays species specificity in vitro, unlike Pol II and Pol III. 13, 14 PolA1, a single-copy nuclear gene, encodes the largest subunit of the Pol I holoenzyme. 15 Nakamura et al. demonstrated that this gene contains a nucleotide tag (Ntag) sequence, a useful marker sequence for identification of eukaryotic species. 16 The Ntag sequence encodes a protein tag (Ptag) sequence, which is a highly polymorphic amino acid sequence, confined with a protein border right (PBR, 16 aa) on one side and protein border left (PBL, 20 aa) on the other side. Both the PBR and PBL sequences are conserved among all eukaryotic species. 16, 17 Although Ptag is highly polymorphic, it demonstrates low intraspecies variation. 17 Accordingly, Ptag is a promising candidate marker sequence that might be able to resolve phylogenetic relations among close and distant taxa. On the other hand, Ntag was employed successfully to resolve intraspecies relationships of Fusarium oxysporum f. sp. cubense. 18 It was also reported that Ntag can help in determining the origin of polyploid wheat species. 18 Therefore, Ntag might be a good candidate marker sequence to show resolution among closely related species.
In the current study, we inferred phylogenetic trees from Ntag and Ptag sequences of a wide range of closely related fungi of medical significance. Placement of tested taxa was compared with that of the accepted Assembling the Fungal Tree of Life (AFTOL) project classification for fungi. 19 We found that Ptag is reliable and applicable to resolve phylogeny both at the interspecies and higher taxonomic levels. Moreover, the resolution of phylogenetic trees inferred from Ntag, Ptag, and ITS1 sequences was compared and found concordant.
Materials and methods

Strains, media, and DNA
A total 42 species of moulds and yeasts of medical significance were used in the phylogenetic study ( Table 1 ). The 11 reference strains were obtained from NITE Biological Resource Center, Department of Biotechnology, National Institute of Technology and Evaluation, Kisarazu, Chiba, Japan (NBRC); Teikyo University Institute of Medical Mycology, Tokyo, Japan (TIMM); and Department of Dermatology, Shiga University of Medical Science, Otsu, Japan (SM).
Except for the 11 dermatophytic species indicated in Table 1 , Ntag sequences were obtained from the databases of the National Center for Biotechnology Information (NCBI), 20 DNA Data Bank of Japan (DDBJ), 21 and Joint Genome Institute (JGI). 22 The dermatophytic species were cultured on potato dextrose agar (Oxoid, Basingstoke, Hampshire, England) at 27
• C for 7 days. DNA from each strain was extracted using a phenol-chloroform extraction method as previously described. 23 Subsequently, it was stored at −30 • C until use.
Oligonucleotide design
In order to amplify Ntag sequences of the dermatophytic species, relevant sequences of Microsporum gypseum (CBS 118893/ABQE01000049), Microsporum canis (CBS 113480/ABVF01000016), Trichophyton equinum (CBS 127.97/ABWI01000591), and Trichophyton rubrum (CBS 118892/ACPH01000499) were compared to design a pair of degenerate primers, DNtag-F1 
Polymerase chain reaction (PCR)
PCR was carried out in a total reaction volume of 50 μl using a Takara Ex Taq R kit (Takara Bio Inc., Shiga, Japan). Amplicons were separated by electrophoresis on 1.0% (w/v) agarose gels. The gels were stained with ethidium bromide and bands were visualized on a UV transilluminator.
DNA sequencing
PCR products were purified using a QIAquick R PCR Purification Kit (Qiagen, Valencia, CA, USA). Subsequently, sequencing reactions were prepared using a BigDye R Terminator Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA) and sequenced using an ABI PRISM R 3130xl Genetic Analyzer (Applied Biosystems).
Phylogenetic analysis
Phylogenetic analyses were performed using the software MEGA (version 6.06). 24 Ptag sequences were deduced from their corresponding DNA sequences and aligned using CLUSTAL W software. 25, 26 Phylogenetic trees were constructed according to the maximum likelihood method after determining the best-fit model for each phylogenetic tree.
Nucleotide sequence accession numbers
The nucleotide sequences of the 11 dermatophytic species that code for Ptag were deposited at DDBJ. Their accession numbers are indicated in Table 1 .
Results
Ntag sequence isolation and Ptag translation from dermatophytes
PCR with primers DNtag-F1 and DNtag-R1 resulted in a band of around 1200 bp for all of the dermatophytic species examined. Based on the complete Ntag sequences of these 11 dermatophytic species belonging to the genera Arthroderma, Epidermophyton, Microsporum, and Trichophyton, a pair of primers was designed. The primers anneal to DNA sequences located about 70 bp from both sides of the sequences that code for PBL and PBR. Setting the standard genetic code, the encoded amino acids were deduced from the Ntag sequences of the 11 species using MEGA software, revealing a length of 360 amino acids for all species except M. gypseum, which was 359 amino acids (Table 1) .
Phylogenetic analyses of Ptag sequences
A panel of 42 Ptag sequences that were deduced from Ntag sequences from the PolA1 gene was used to construct phylogenetic trees based on the maximum likelihood method using MEGA software. As shown in Figure 1 , the phylogeny included taxa representative of major groups in the phyla Ascomycota and Basidiomycota. The taxon represented by Conidiobolus coronatus, which belongs to the Entomophthoromycotina, was used as an outgroup. The taxa were clustered in two groups corresponding to their phyla. Topology of these taxa was largely consistent with the phylogenetic classification of fungi introduced in AFTOL. 19 The only difference was with the taxon that represents the subphylum Taphrinomycotina, Pneumocystis murina. It shared an internal node with taxon representatives of the subphylum Saccharomycotina, forming a sister group in disagreement with the AFTOL classification.
Phylogenetic analyses of closely related species
To evaluate the discriminatory power of the new markers at the interspecies level, the phylogenetic relationship of the 11 dermatophytic species was studied using Ntag, Ptag, and ITS1 sequences. As shown in Figure 2 , the three phylogenetic trees were largely concordant.
Discussion
Molecular systematics has helped in delineating phylogenetic relationships among fungi. When single-locus marker sequences have been employed to resolve inter-and intragenomic phylogeny, there have frequently been problematic issues. [7] [8] [9] [10] Therefore, multi-locus sequence analyses have been used to construct a higher-level classification for fungi. 32, 33 However, there is a continuous need to develop a new classification system with better properties and discriminatory power. Here we report a new Ptag sequence that resolved higher-level phylogenetic relationships among medically significant fungi, mainly belonging to the Ascomycota and Basidiomycota. In this study, the authors proposed utilizing a polymorphic amino acid sequence, the Ptag, as a molecular marker to resolve higher-level classification down to the species level. The underlying reasons were: (1) the PolA1 gene coding for the largest subunit of RNA polymerase I is essential and exists as a single copy throughout the eukaryotes; (2) the Ptag sequence has a highly polymorphic amino acid sequence; (3) the amino acid sequence is more reliable and conservative than the nucleotide sequence because of synonymous substitutions.
The phylogeny inferred from Ptag sequences of representatives of the two phyla demonstrated an overall consistency with the accepted AFTOL classification for fungi 19 ( Fig. 1) . As shown in this figure, Taphrinomycotina and Phylogenetic analyses of closely related fungal species. Phylogeny was inferred using the maximum likelihood method on 11 dermatophytic species. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. Bootstrap values lower than 60% are not shown. All positions with less than 5% site coverage were eliminated. 28 (A) Phylogenetic tree constructed based on Ptag sequences and computed using the Jones-Taylor-Thornton + gamma distribution (JTT+G) algorithm. 29 (B) Phylogenetic tree constructed based on Ntag sequences and computed using the Kimura 2-parameter model + gamma distribution (K2+G) algorithm. 30 
(C)
Phylogenetic tree constructed based on ITS1 sequences and computed using the Tamura 3-parameter model + invariant sites (T92+I) algorithm; 31 numbers within parentheses indicate accession numbers.
Saccharomycotina share an internal node, in disagreement with AFTOL. However, this topology of the Ascomycota is biologically supported since these two subphyla are composed of unicellular fungi, in contrast to the Pezizomycotina, which encompasses multicellular fungi. The gene topology of this phylogenetic tree is strongly supported by bootstrap values at internal nodes. Accordingly, the Ptag sequence is a promising marker for resolving phylogenetic relationships among medically significant fungi from a higher level down to the species level. On the other hand, the Ntag sequence is not suitable to resolve higher-level taxonomy, although it can be useful to delineate phylogenetic relatedness among closely related species. The Ptag sequence phylogenetic tree was unable to discriminate between Arthroderma vanbreuseghemii and its anamorph Trichophyton mentagrophytes, 34 because they retain very high DNA similarity (99.9% for the Ntag sequence) and can be considered as a single species.
In conclusion, the Ptag sequence is a useful marker to resolve phylogenetic relationships varying from species identification to higher-level classification of fungi, whereas the Ntag sequence is good for discriminating among closely related species and among strains within species.
